The viscosity of an electrorheological fluid (ER fluid) increases with an increase in the intensity of an electric field. In the case of ER fluid-assisted micro polishing the workpiece needs to be a conductive material such as tungsten carbide and the gap between the workpiece and the polishing tool, which both act as electrodes, must be the same size as the abrasive grain. It is difficult to maintain a small gap when polishing the surface of the workpiece. In order to prevent direct contact between the workpiece and the polishing tool, a resin-coated polishing tool has been developed. In this paper, a micro polishing tool was made using a plasma chemical vapor deposition method. The geometry of the polishing tool was examined by a finite element method (FEM) to optimize the concentration of the abrasive grains. In polishing machining using the tool, the width of the polishing groove was 35 µm, and polishing machining in a micro area was achieved.
Introduction
In recent years, the demand for micro aspherical glass lenses has increased. Micro aspherical glass lenses are manufactured by press forming with a tungsten carbide (WC) micro aspherical molding die. However, it is difficult to polish micro areas such as micro aspherical molding dies. To this end electrorheological fluid (ER fluid) assisted polishing of WC has been developed.
As illustrated in Figure 1 (a), in ER fluid-assisted polishing of conductive materials, the workpiece and the micro tool are used as electrodes. When a voltage is applied, the electric force acts on the abrasive grains at the edge of the micro tool, as shown in Figure 1 (b) . In this case, the force is the greatest at the edge of the micro tool, resulting in the abrasive grains concentrating around the edge of the micro tool. These abrasive grains are held in position by the ER effect and effectively form a micro polishing pad at the tip of the micro tool as shown in Figure 1 (c); polishing machining of WC can thus be done in a micro area [1] . However, if the two electrodes, that is, the workpiece and micro tool, are arranged as shown in Figure 1 , the force acting on the abrasive grains leads to a concentration only at the edge of the micro tool. Therefore, to polish the surface of the workpiece effectively, the gap between the workpiece and the micro tool must be smaller than the diameter of the abrasive grains used in polishing machining [2] . However, when the gap is small, the micro tool comes into contact with the workpiece, resulting in the surface of the workpiece being scratched. Moreover, electric discharge will occur the instant the micro tool and the workpiece come into contact. As a result, it is very difficult to keep the gap small when a fine abrasive grain is used.
To overcome this problem, a polishing tool coated with an insulating resin was developed. As a result of the resin coating, the surface of the workpiece was not scratched and electric discharge did not occur. A large resin-coated polishing tool has been developed and applied to polishing machining [2] . In this paper, a resin-coated micro polishing tool was developed using plasma chemical vapor deposition (CVD) to achieve miniaturization of the resin-coated polishing tool. Also polishing machining was done using the developed resin-coated polishing tool.
Development of a micro polishing tool by plasma CVD method
Plasma CVD method. The plasma CVD method was adapted so that it could be used to coat the micro tool with resin. This method is able to thinly coat the resin on the processed material, which in our case was the micro tool. Figure 2 shows a schematic diagram of the plasma CVD method.
The organic solvent is vaporized, its pressure is lowered using a vacuum pump and it is fed into the chamber with a carrier gas. A plasma is generated between the two flat-plate electrodes connected to the high-frequency power source in the chamber. The organic solvent is cross-linked polymerized. When the micro tool is put between the two flat-plate electrodes, a coated layer forms on the surface of the micro tool. Table 1 shows the conditions used for coating.
Initially, a cylindrical electrode (WC) was used as the material to be processed. The diameter of the electrode was 300 µm. Figure 3 shows an SEM photograph of the resin-coated polishing tool. Two different thicknesses (5 µm and 10 µm) of resin layer were used. At the tip part of the micro tool, the resin layer was broken down and the base material could be observed in each case. In the case of a cylindrical electrode, a uniform coating has not been achieved. The resin layer seems to be thicker at the edge of the electrode, than in other parts of the electrode. The difference in the stress of the resin layer causes it to break because the thickness of the resin layer is different. Investigation of the form of the micro tool. To prevent high stress gradients from arising, a cylindrical electrode that does not have an edge was used. A cylindrical electrode was ground to a hemisphere with a curvature radius of about 150 µm. Figure 4 shows an SEM image of the hemispherical coated polishing tool. It can be seen that there are no burrs or cracks and the coating is even.
Advance of a hemispherical electrode. When using the hemispherical electrode, it seems to be able to apply an arc envelope. In grind machining of an aspherical molding die, an arc envelope disperses the wear of the grinding wheel, resulting in an increase in the form accuracy of the aspherical molding die [3] . The force acting on an abrasive grain was calculated by FEM.
When an electric field E is applied in a space containing non-uniform particles, both the charged and electrically neutral particles are subject to an electric force, F. If, as in this experiment, the space consists of silicon oil or ER fluid, the abrasive grains move under the effect of this force (electrophoresis). If an aspherical abrasive grain diameter, d p , is assumed, then the force, F, can be calculated as follows, [4] :
where ε is the dielectric constant of the ER fluid and ε p is the dielectric constant of the abrasive grains.
It was observed by CCD microscope that when the electric field was applied and the micro tool was rotated, the abrasive grains were attracted to the micro tool. Conversely, without the presence of this electric field, the abrasive grains were observed to be randomly distributed around the micro tool [5] . Figure 5 (a) is the simulation model. The origin is defined as the apex of the spherical surface. The Z-axis is the rotational axis of the workpiece. The Y-axis is the vertical axis from the origin. And the (a) Thickness of resin layer : 5 µm (b) Thickness of resin layer : 10 µm Figure 3 . SEM photograph of resin-oated polishing tool (clyndrical electorode). 
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Electrode Key Engineering Materials Vol. 329 X-axis is the horizontal axis from the origin, and perpendicular to the Y-Z plane. The rotational axis of the micro tool is tilted to form a 45 degree angle between it and the Z-axis. The polishing tool is scanned along the curved surface of the workpiece. For ease of calculation, the resin layer was neglected in the simulation. The radius of curvature of the micro tool and workpiece are 160 µm and 2 mm, respectively. The gap between the micro tool and the workpiece is 1 µm, and the applied voltage is 1 V. Figure 5 (b) shows the whole view of the distribution of the force acting on abrasive grains. Figure 5 (c), (d) and (e) shows a close up around the micro tool. The point of maximum force acting on the abrasive grain moves as the micro tool moves. The distribution of wear of the resin layer seems to become dispersed with movement of the point where the greatest amount of abrasive grain is gathered.
Polishing machining by the resin coated polishing tool
Force acting on abrasive grain. Before performing polishing machining, the distribution of abrasive grain is estimated. Using Equation (1), the force acting on an abrasive grain is calculated by the FEM. Figure 6 (a) shows the simulation model. The workpiece is chosen to be flat for ease of calculation. The radius of curvature of the polishing tool is 150 µm, and the thickness of the resin layer is 10 µm. The minimum gap between the workpiece and the micro tool is 1 µm, the applied voltage between the two electrodes is 5 V and the relative permittivity of the resin layer is 3. The calculated distribution of the force acting on the abrasive grain is shown in Figure 6 (b). In this figure, the arrow shows the direction of the force. The point of the workpiece, which is the minimum distance between the surface of the workpiece and the head of the polishing tool, is defined as the origin. Figure 6 (c) shows the distribution of the force, the vertical axis is the distance from the origin on the surface of the workpiece and the horizontal axis is the force acting on abrasive grain. The distribution has two maximum values and the distance between them is 31 µm. Therefore, the polishing machining area seems to be about 31 µm, and polishing machining in a micro area is possible. Figure 7 shows a schematic diagram and a photograph of the polishing equipment. The equipment employs ultra-high precision V-V roller guides to achieve a positioning accuracy of 10 nm. The workpiece and micro tool use ultra-high precision aero-static spindles with built-in motors. To supply power, copper rods are inserted in the workpiece and tool spindles. The voltage is supplied via slip rings installed at the non-functional ends of each spindle. The workpiece and micro tool are insulated from the body of the equipment by ceramic mounting plates. There is a gap of several µm between the workpiece and micro tool. The abrasive grain/ER fluid mixture is fed into the gap where it is used to polish the surface of the workpiece.
Polishing machining. Next, the surface of the workpiece was polished by the resin coated polishing tool. Table 2 shows the polishing conditions used. Before polishing, the surface of the workpiece was ground. A polished groove on the workpiece is shown in Figure 8 . By polishing machining, the grain-cutting mark that was caused by grinding machining was removed. However, grinding marks generated by micro vibration of the grinding wheel were not completely removed [6] . The surface roughness of the polished groove is 34 nm Rz, while the surface roughness in the same place on the ground surface is 47 nm Rz. Moreover, the width of the polished groove is 35 µm. This is in agreement with the expected polishing groove width of 31 µm predicted by FEM simulation. This shows that the polishing area depends on the curvature radius of the electrode, confirming that micro area polishing machining is possible. Figure 6 . Force acting on abrasive grain.
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Summary
In this paper, a resin-coated micro polishing tool was developed by plasma CVD method for ER fluid-assisted polishing. The results obtained can be summarized as follows. 1. When a cylindrical electrode is used, even coating was not achieved. On the other hand, when a hemispherical electrode was used, the resin coated evenly. FEM simulation results indicate that the hemispherical electrode is beneficial in polishing machining of curved surfaces. 2. A trial of polishing machining was done using the developed polishing tool. Using the developed polishing tool it is possible to perform ER fluid-assisted polishing of WC. Moreover, polishing machining in a micro area is achieved. The polishing area depends on the curvature of radius of the polishing tool that is used as an electrode. 3. In the future, the resin material used for the coating should be examined. 
